Extrachromosomal telomeric circles are commonly invoked as important players in telomere maintenance, but their origin has remained elusive. Using electron microscopy analysis on purified telomeres we show that, apart from known structures, telomeric repeats accumulate internal loops (i-loops), that occur in proximity of nicks and single-stranded DNA gaps. Iloops are induced by single-stranded damage at normal telomeres and represent the majority of telomeric structures detected in ALT (Alternative Lengthening of Telomeres) tumor cells. Our data indicate that i-loops form as a consequence of the exposure of singlestranded DNA at telomeric repeats. Finally, we show that these damage-induced i-loops can be excised to generate extrachromosomal telomeric circles resulting in loss of telomeric repeats. Our results identify damage-induced i-loops as a new intermediate in telomere metabolism and reveal a simple mechanism that links telomere damage with the accumulation of extrachromosomal telomeric circles and telomere erosion.
Introduction
Mammalian telomeres are made of several kilobases of tandem TTAGGG repeats that are required to protect chromosome ends from the DNA damage response. Erosion of telomeric repeats can lead to senescence and genome instability and therefore plays important roles in ageing and tumorigenesis 1 . Extrachromosomal circular DNA made of telomeric repeats (t-circles) have been found in a wide range of organisms and are thought to play opposite roles in telomere maintenance. They have been associated to telomere loss via deletion/trimming of telomeric repeats, while in some contexts, like in ALT cells they could promote telomere elongation through rolling-circle amplification [2] [3] [4] . C-circles (t-circles with a covalently closed and partially single-stranded C-rich strand) accumulate in ALT cells and provide a diagnostic marker for ALT tumors 5 . Despite their relevance in telomere biology, it is not clear how these circles are generated. Telomeric circles have been detected in cells expressing a TRF2 mutant that lacks the N-terminal basic domain and, given the role of TRF2 in the formation/maintenance of t-loops, it has been proposed that t-circles could form via nucleolytic excision of the t-loop structure 2, 6, 7 . However, more recently t-circles have been found also in normal cells and in an ever-growing list of mutants, apparently unrelated to t-loop metabolism, or to each other, suggesting the existence of alternative mechanisms for their formation 3, [8] [9] [10] [11] [12] [13] [14] for a review see 15 . T-circles can be detected through a rolling-circle replication assay, and their presence is often inferred from the appearance in twodimensional agarose gel electrophoresis (2D-gels) of an arc, compatible with the migration of relaxed circular DNA 2, 8, 16 . Telomeric circles have been found in electron microscopy (EM) imaging of ALT telomeres 17 but further analysis, (e.g. identification of intermediates of tcircle formation) has been hampered by the inconsistency of available procedures for telomere purification.
Using a newly-developed telomere purification procedure, combined with EM analysis, we found that damaged telomeres tend to form internal loops (i-loops), likely due to the exposure of single-stranded DNA at telomeric repeats. These structures migrate in the tcircle arc in 2D-gels and represent the majority of telomeric structures found in ALT cells.
We show that damage-induced i-loops can be excised as telomeric circles, resulting in telomere loss. These results identify damage-induced i-loops as a key intermediate in telomere circle formation and provide a mechanism that links telomere damage with t-circle formation and telomere erosion.
Results

A two-step procedure for the purification of mammalian telomeres
Telomeric repeats lack restriction sites and this property has been exploited for their enrichment by digestion of non-telomeric DNA with frequent cutters and then purification of large DNA fragments, containing telomeres, in gel filtration columns 18, 19 . Key telomere features (e.g. t-loops, t-circles) have been visualized with this approach, however, incomplete digestion of non-telomeric DNA and poor fractionation of milligrams of DNA in gel filtration columns, have limited its applications. To overcome these issues, we developed a two-step procedure for the large-scale purification of telomeric repeats from mammalian cells. First, 2.5 mg of genomic DNA are digested with frequent cutters and separated in a sucrose gradient ( Figure 1A) . Then, high molecular weight fractions, containing the telomeric repeats are collected, digested again with a new mixture of restriction enzymes (see materials and methods) and separated in a preparative agarose gel ( Figure 1B ). The high molecular weight DNA recovered from the agarose gel shows ~1000-fold increase in telomeric repeats signal compared to the starting material, while more abundant mouse long interspersed repeats (BamHI repeats) are undetectable ( Figure 1C ). Telomere enrichment was confirmed in single-molecule IF-FISH analysis, where over 80% of the DNA molecules from enriched samples are recognized by a telomeric probe, while less than 1 in 1000 telomeric fibers were present in non-enriched samples ( Figure 1D ). We obtained similar enrichment levels from human cells with long telomeres ( Figure S1A, B ).
Frequent i-loops in telomere-enriched samples
We employed the procedure described above to isolate telomeres from mouse embryo fibroblasts (MEFs) and analyze their structure in EM. The DNA was crosslinked with psoralen in vivo, prior to cell lysis, and the telomere-enriched material was spread with the BAC method and rotary shadowed with Platinum 20 . In telomeric spreads, DNA fragments ranged from 2 to 40 kb. As expected, telomeric samples were enriched in t-loops, although their absolute frequency in our spreads was lower than in previous settings ( Figure S2A -C) 19, 21 .
One salient feature we observed in telomeric spreads was the occurrence of molecules with i-loops ( Figure 2A ). Differently from t-loops, which sequester one end of the DNA molecule and are therefore terminal, i-loops appeared as crossings of the internal regions of the molecules, where the ends are not engaged. In three independent experiments, with SV40-immortalized MEFs, around 14% of molecules in the telomere-enriched samples had one or more i-loops. In control spreads of genomic DNA, fragmented at a similar size by restriction digestion, i-loops occurred in around 3% of the molecules ( Figure 2B ). An abundance of molecules with i-loops was seen also in telomeric spreads from HeLa 1.3 cells with long telomeres ( Figure S3A -C). I-loops ranged from 0.2 to 25 kb, with a median size of 1.6 kb ( Figure 2C ). In the majority of cases i-loops occurred once per molecule, but in about 25% of cases two or more i-loops were present on the same molecule ( Figure 2D ). We examined, at higher magnification, the structure of the i-loops and noticed that about one in four had a thinner, apparently singlestranded, region at the junction (Figure 3 ). In another 20% of the loops, a short gap and/or a small flap was visible in one of the DNA strands near the junction. Based on these observations, we hypothesized that i-loops could represent structural transitions that occur at sites of single-strand damage (i.e. nicks and gaps) on the telomeric repeats.
I-loops are the majority of telomeric structures detected at ALT telomeres.
Since i-loops often occurred in proximity of single strand damage, we turned our attention to ALT cells, which contain nicks and gaps at telomeres and show unusual telomeric structures in 2D-gels 2, 22 . In particular, a faint, slow-migrating arc is detected in 2D-gels at ALT telomeres; this signal is commonly known as the t-circle arc and is attributed to the presence of extrachromosomal telomeric circles 2, 16, 22 . Although the t-circle arc is compatible with the migration of relaxed circular DNA, there is no direct evidence on the types of telomeric structures that populate it. We decided to purify the DNA molecules from the tcircle area of the 2D gel in order to visualize their structure in EM. Genomic DNA was prepared from U2OS cells and telomeres were enriched with the same procedure described above, except that in the second round of enrichment the DNA was separated in 2D-gel ( Figure 4A , Figure S4A ). The areas of the second-dimension gel containing the t-circle arc and the linear telomeres were excised ( Figure 4A ), the DNA was recovered and analyzed in EM. As expected, the material purified from the t-circle area was richer in DNA structures, although it still contained substantial amounts of linear fragments ( Figure S4B ). Around 9% of the molecules were circular and in 28% of these circles single-stranded gaps were visible ( Figure 4B , C). This result confirms previous reports on the presence of double-stranded and partially single-stranded telomeric circles in ALT cells 2, 5, 17 . However, molecules with one or more i-loops represented 40% of all DNA recovered from the t-circle area, over 4-fold more abundant than telomeric circles ( Figure 4B , D, Figure S4B ). Therefore, i-loops represent the vast majority of telomeric structures identified by 2D-gels in ALT cells. Also at ALT telomeres, i-loops often occurred in proximity of strand damage ( Figure 4D ).
I-loops are induced by single-strand damage at telomeric repeats
Since i-loops were associated with single-stranded telomere damage and populated the t-circle arc in U2OS cells, we asked whether telomere damage alone can induce their formation and therefore the appearance of the t-circle arc in 2D-gels. To test this hypothesis, we used mild DNase I treatment, that introduces both nicks and short single-stranded gaps on DNA 23 . MEFs nuclei were incubated with increasing concentrations of DNase I, then genomic DNA was isolated, digested with frequent cutters and separated in 2D-gels.
Telomeres from mock-treated nuclei migrated mainly as linears with no t-circle arc visible, while damaged telomeres, isolated from nuclei that were treated with DNase I, showed a strong accumulation of the t-circle arc ( Figure 5A ). We obtained the same result in human cell lines with long or short telomeres, although t-circle arc induction strongly decreased with telomere length ( Figure S5A ). No arc was induced at the abundant mouse BamHI repeats, or in the bulk genomic DNA, showing that, at these magnitudes, this is not a general feature of nicked DNA ( Figure S5B ).
Since the DNase I treatment was performed on isolated nuclei, we asked if the chromatin environment or any chromatin-associated factor is required for the generation of the structures migrating in the t-circle arc. Surprisingly, mild DNase I treatment of isolated, protein-free, genomic DNA resulted in a strong induction of the t-circle arc at telomeric repeats, while the same structural transition was not observed in the bulk DNA, or at the BamHI repeats ( Figure 5B , Figure S5C ). The absence of specialized enzymatic activities in this setting rules out the accumulation of telomeric circles (see also below), demonstrating that the 2D-gel arc, commonly-identified as the t-circle signal, can be generated in the absence of telomeric circles.
Having established that telomere strand damage is sufficient for the induction of the tcircle arc, we verified that this process was indeed associated with the accumulation of telomeric i-loops, as predicted. The same DNase I treatment described above, was performed in large scale, then genomic DNA was isolated, processed through the two-step procedure for the enrichment of telomeric repeats and analyzed in EM ( Figure 5C ).
Telomere strand damage induced by DNase I resulted in a 3-fold increase in i-loops, while in the bulk DNA control i-loops remained at basal levels ( Figure 5D , E). Together these experiments show that, accumulation of nicks and gaps at telomeric repeats is sufficient to induce i-loops and generate the t-circle signal in 2D-gels.
Based on these experiments, we hypothesized that i-loops are formed via spontaneous annealing and branch migration events, occurring at sites of gaps or nicks favored by the extremely high abundance of homology at telomeric repeats. If this is the case, then formation of i-loops after the induction of DNA damage should be limited by inter-strand psoralen crosslinking that prevents DNA branch migration and preserves native DNA structures 24 . To test this hypothesis, we first performed psoralen crosslinking on the nuclei, before the DNase I treatment and then analyzed telomere structures in 2D-gels, as above.
DNase I damaged to a similar extent both crosslinked and non-crosslinked DNA, however, formation of i-loops was strongly inhibited by psoralen crosslinking, as seen by the reduced intensity of the t-circle arc in 2D-gels ( Figure 6A ). This result suggests that i-loop formation, after the induction of telomere strand damage requires DNA branch migration. Importantly, once formed, i-loops are not sensitive to crosslinking. Indeed, the t-circle arc of U2OS cells was not affected by psoralen crosslinking ( Figure 6B ), showing that ALT telomeres, which experience endogenous damage, contain i-loops in vivo, prior to psoralen crosslinking.
I-loops are a substrate for the generation of extrachromosomal telomeric circles.
The short (TTAGGG) telomere repeat motif, provides a context where almost any single stranded gap exposes intramolecular homology. For instance, two gaps on opposite telomeric strands could generate an i-loop simply by strand annealing ( Figure 7A ). Further branch migration and strand exchange events could generate a double Holliday Junction (HJ) at the base of the i-loop. Similarly, two gaps on the same telomeric strand could undergo strand exchange and generate i-loops with a single HJ at the base ( Figure 7B ). We hypothesized that these damage-induced i-loops would be a substrate for HJ resolvases, in a reaction similar to the one proposed for unprotected t-loops 2,6 . In this resolution reaction 50% of events would result in telomere deletions and generation of extrachromosomal telomeric circles ( Figure 7C ). In order to test whether i-loops are biochemically a substrate for the generation of telomeric circles, we first treated genomic DNA with DNase I, to induce i-loops at telomeres, then incubated the DNA with a nuclear extract from HeLa cells ( Figure   7D ). The DNA was then recovered and subjected to the rolling-circle replication assay 5 .
Neither DNase I treatment nor incubation with the nuclear extract alone induced telomeric circles, while the combination of the two resulted in a 5-fold increase in circles ( Figure 7D , F). Importantly accumulation of telomeric circles required both Mg++ and ATP, consistent with the requirements of a Holliday junction resolution reaction. This experiment shows that i-loops are a substrate for the generation of extrachromosomal telomeric circles, in a reaction resembling HJ resolution.
Discussion
We identify damage-induced i-loops as key intermediates that link telomere damage with telomere erosion and the generation of extrachromosomal telomeric circles. These results predict that conditions associated with chronic telomere (or DNA) damage (e.g. chemotherapeutics; replication stress), will favor the formation of telomeric circles and telomere loss, while factors that prevent formation of i-loops at sites of damage (e.g. factors that prevent strand exchange or improper single strand annealing at telomeres) would counteract the accumulation of extrachromosomal telomeric circles. Given that ALT cells are known to experience endogenous telomere damage, the mechanism proposed in Figure   7 could help explain the continuous generation of telomeric circles in ALT cells. In the same view, accumulation of telomeric damage, could be a common denominator that explains the presence of t-circles in many mutants in genes involved in DNA metabolism and telomere maintenance [9] [10] [11] [12] [13] . Frequent formation of i-loops could provide yet another challenge to replication fork progression at telomeres and contribute to telomere fragility 25 . I-loops could be a relevant substrate for specialized helicases like RTEL1, Blm and WRN, which could prevent formation or promote branch migration/dissolution of i-loops at telomeric repeats, thereby reducing the probability of telomere loss due to i-loop excision [26] [27] [28] .
Damage-induced i-loops might occur also at other tandem repeats, explaining the formation of circular DNA at these sequences from yeast to human 16, 29, 30 . In this view, it is important to notice that the overall rate of i-loop formation will be higher at repetitive elements with a shorter repeated motif, because they will be more likely to expose complementary sequences when damaged. Therefore, telomeres, with a repeat unit of 6 nt, will be more prone to generate extrachromosomal circles compared to most other long repeats. This high propensity of telomeric repeats to form i-loops that can be excised as circles, would result in continuous and stochastic variations in the number of repeats thus explaining, at least in part, the amplitude of telomere length heterogeneity across different chromosomes or different cells.
A positive correlation between telomere length and accumulation of the t-circle signal in 2D-gels has been reported in normal and stem cells, indicating the existence of a trimming mechanism that controls telomere length 3, 31 . Our results suggest that, as telomere length increases so will the probability of i-loop formation and excision due to stochastic damage.
This correlation could be relevant in understanding the sources of dysfunctional telomeres and how telomere length evolves in different organisms.
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Figure Legends
A.
A preparation of SV40-MEFs nuclei was split in two and one half was psoralen crosslinked on ice (in this prep, DNA branch migration is largely prevented). Then, both preps were treated with DNase I and processed for 2D-gels as described in Figure 5A 
Enrichment of telomeric repeats
Around 500x10 6 cells, were harvested and resuspended in ice-cold PBS. For psoralen crosslinking, the cell suspension was poured in a 10 cm dish and kept on ice while stirring, throughout the procedure. The suspension was first incubated with 30 µg/ml 4, 5′, 8trimethylpsoralen (Sigma, T6137, stock 2 mg/ml in DMSO, stored at -20˚C) for 5 minutes in the dark and then exposed to 365 nm UV light for 8 minutes in a UV Stratalinker 1800, (Stratagene), with 365 nm UV bulbs (model UVL-56, UVP) at 2-3 cm from the light source.
The incubation and irradiation steps were repeated three more times (4 cycles total). Cells were then lysed in TNES buffer (Tris 10 mM pH8.0, NaCl 100 mM, EDTA 10 mM; 0.5% SDS) incubated with 50 µg/ml RNaseA (Sigma, R500) for 60 min at 37˚C, and then with 100 µg/ml Proteinase K (Roche, 3115887001) for 12 hours at 37˚C. The DNA was extracted with Phenol Chloroform Isoamyl alcohol 25:24:1 (Sigma, P2069) followed by an extraction with Choloroform (VWR, 22711) and precipitation with isopropanol. Around 2.5 mg of DNA was digested overnight with 750 units of HinfI and MspI (NEB). The digestion was precipitated and loaded on a sucrose gradient, 10%-20%-30% sucrose, 8 ml each fraction, in TNE buffer and centrifuged in SW32-Ti rotor (Beckman) at 30100 rpm (111265 g) for 16 hours. The HMW fractions containing the telomeric repeats were collected, concentrated and washed twice with Tris 10mM pH 8.0 in Amicon Ultra-15 Ultracel-PL PLTK, 30 kDa MWCO (Millipore/MERCK UFC903024) filters. The DNA was then digested overnight with 50 units each of RsaI, AluI, MboI, HinfI, MspI, HphI, MnlI (NEB) and then separated on a 0.7% lowmelting agarose gel (SeaPlaque Agarose, Lonza, 50100), without ethidium bromide.
Fragments migrating above the 5 kb band of the marker were extracted using the Silica Bead DNA gel extraction kit (Thermo Fisher Scientific, K0513) following the manufacturer's instructions, except that once the DNA was bound, the beads were not resuspended to avoid mechanical shearing of the DNA. The DNA was eluted in TE 1X and quantified using Qubit dsDNA HS assay kit (Invitrogen, Q32854).
Single molecule analysis of telomeric enrichment
Around 10 ng of bulk genomic DNA or telomere-enriched DNA was combed on silanized coverslips (Genomic Vision, COV-002) using the DNA Fiber Comb apparatus (Genomic Vision, version 3 REF: MSC-001). The coverslips with the DNA were subjected to the following treatments: baking for 2-3 hours at 60˚C, denaturing in 0.5 M NaOH, 1M NaCl for 8 min, followed by two washes in PBS and dehydration in ethanol series (70%; 90%; 100%, 1 min each). Blocking with 5% BSA in PBS for 1 hour at 37˚C and incubation with an anti single-stranded DNA antibody (Sigma, MAB3034) diluted 1:80 in 5% BSA in PBS, for 2 hours at RT, followed by three washes with PBS-0.05% Tween 20. Incubation with Alexa488-labeled anti-mouse secondary antibody (Invitrogen, A1101) diluted 1:400 in 5% BSA in PBS, followed by three washes with PBS-0.05% Tween 20 and dehydration in ethanol series (70%; 90%; 100%, 1 min each). Incubation with a Cy3-labeled TTAGGG3 PNA probe (PNA Bio, F1006), 50 nM in 70% formamide (Thermo Scientific, 17899) 0.5% Blocking reagent (Roche 11096176001) and 10 mM Tris, pH 7.4, for 3 min at 80˚C and then 2 hours at RT, followed by 2 x15 min washes in formamide 70%, 10 mM Tris, pH 7.4 and three washes with PBS-0.05% Tween 20. The coverslips were mounted using ProLong Gold (Invitrogen, P36930). Large overlapping areas were acquired and stitched in a DeltaVison microscope.
Electron microscopy analysis
EM analysis was performed as described in 20 . Typically, 5 µl of telomere-enriched DNA corresponding to 5-20 ng were used for each spread. For non-enriched controls, 30 ng of KpnI-digested genomic DNA was spread using the same method. The DNA recovered from the linear and t-circle arc of 2D-gels, was spread using the droplet method as in 32 . Briefly, 1 ng of DNA in 28 µl of TE 1X, was mixed with 30 µl of Formamide (Thermo Scientific, 17899) and 2 µl of benzyldimethyl-alkylammonium chloride (BAC) 0.08%. The droplet was incubated for 5 min at RT and the surface was gently touched with a carbon-coated EM grid, previously activated by contact with an ethidium bromide solution 33 µg/ml in TE1X. The grids were then processed for staining with Uranyl Acetate and rotary shadowing as described in 20 . TEM pictures were taken using a FEI Tecnai12 Bio twin microscope operated at 120 KV and equipped with a side-mounted GATAN Orius SC-1000 camera controlled by the Digital Micrograph software. Images in DM3 format were analyzed using the ImageJ software. In these conditions 0.36 µm correspond to 1 kb of double-stranded DNA.
DNase I treatment on isolated nuclei
MEF nuclei were isolated as described previously 33 . Briefly, cells were collected by trypsinization, washed with ice-cold PBS, and resuspended in ice-cold fibroblast lysis buffer 
C-circle assay
Was performed according to 5 . Briefly, 25 ng of genomic DNA, digested with AluI and MboI, were incubated for 12 hours at 30˚C with 7.5 Units of Phi29 polymerase (NEB M0269) in Phi29 NEB buffer 1X, supplemented with dNTPs 0,37 mM each, in a final volume of 20 µl.
The enzyme was inactivated by heating to 65˚C for 20 minutes and the reaction was blotted onto a Hybond-X membrane. Telomeric repeats were detected using the TTAGGG repeats probe described above. Figure S1 . Enrichment of telomeric repeats from human cells (related to Figure 1) .
Supplemental Information
A. Dot blot analysis showing the enrichment of the telomeric repeats. Genomic DNA prepared from U2OS cells and HeLa 1.3 cells with long telomeres, was subjected to the telomere enrichment procedure (described in Figure 1 B. This is the same pie chart shown in Figure 4B , that includes the detailed distribution of the molecules recovered from the 2D-gel. Note that i-loops occur also in molecules having a t-loop at the end, or at branched molecules. Figure S5 . I-loops are induced by single-strand damage at telomeric repeats (related to Figure 5 ).
A. 2D-gel analysis showing that the t-circle arc is strongly induced by formation of nicks and gaps at human telomeres. Nuclei prepared from HeLa 1.3 cells (this HeLa clone has long telomeres around, ~20 kb in average) were incubated with either 0; 0.5; 1 or 2.5 µg/ml of DNase I for 8 minutes at RT. Nuclei prepared from HTC75 cells (with telomeres around 4 kb in average) and from HeLa 204 cells (with telomeres around, ~2 kb in average) were incubated with either 0; 5; 10 or 20 µg/ml of DNase I for 8 minutes at RT. The nuclei were then processed for 2D-gel analysis, as described in Figure 5A . B. 2D-gel analysis showing that DNase I treatment does not induce the t-circle arc in the bulk DNA or at the BamHI repeats. In a similar experiment as the one described in Figure   5A , nuclei were treated with 2.5 µg/ml of DNase I. Genomic was digested with BglI, split in two and separated on 2D-gels, in duplicate. After blotting, one membrane was hybridized with a probe recognizing the TTAGGG repeats, while the other with a probe recognizing the mouse BamHI repeats. The ethidium bromide staining of one of the second-dimension gels is shown at the bottom.
C. 2D-gel analysis showing that DNase I treatment on isolated DNA does not induce the tcircle arc in the bulk DNA or at the BamHI repeats. DNA from the same experiment shown in Figure 5B , was digested with KpnI, split in two and then separated in 2D-gels, in duplicate.
After blotting, one membrane was hybridized with a probe recognizing the TTAGGG repeats and the other with a probe recognizing the mouse BamHI repeats. The ethidium bromide staining of one of the second-dimension gels is shown at the bottom.
